This study reveals the contribution of hot electrons from the excited plasmonic nanoparticles in dye sensitized solar cells (DSSCs) by correlating the photoconductance of a core-shell Au@TiO 2 network on a micro-gap electrode and the photovolatic properties of this material as photoanodes in DSSCs. The distinct wavelength dependence of these two devices reveals that the plasmon-excited hot electrons can easily overcome the Schottky barrier at Au/TiO 2 interface in the whole visible wavelength range and transfer from Au nanoparticles into the TiO 2 network. The enhanced charge carrier density leads to higher photoconductance and facilitates more efficient charge separation and photoelectron collection in the DSSCs. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4961884] Noble metal nanoparticles (NPs) have been widely applied for light engineering in photoactive devices, such as solar cells, light-emitting diodes, and photocatalysis systems, to enhance the device performance.
1 Extra photon energy can be absorbed and concentrated by the surface plasmonic resonance (SPR) arising from the collective oscillation of free electrons in metal NPs under visible irradiation. 2 Plasmonically enhanced dye sensitized solar cells (DSSCs) is a good example. Photoconversion in traditional DSSCs is achieved by a wide-bandgap semiconductive TiO 2 layer sensitized with organic dye molecules that have strong absorptivity of visible light. 3 Enhanced photocurrents were observed in the DSSCs consisting of small amounts of noble metal plasmonic NPs blended in the active anode materials. Generally, the plasmonic NPs can enhance dye excitation through either an intensified near-field or enhanced light-scattering. 4 To suppress these conductive metal NPs acting as electron drains, core-shell structure was adopted by coating noble metal NPs with a compact thin layer of non-conductive metal oxide that effectively prevents unwanted electron-hole recombination. 5 Particularly, semiconductive TiO 2 was proposed as a better shell material than other insulative oxides (such as SiO 2 ) due to its higher capability to extract electrons from the excited dyes and compatibility with the surrounding TiO 2 matrix in the DSSC anode. 6 Recent studies proposed that the metal/ TiO 2 interface in the TiO 2 -encapsulated metal NPs, i.e., metal@TiO 2 , may form an interfacial energy barrier (socalled Schottky barrier) to prevent normal electron flowing across, but hot electrons from plasmon-excited metal cores could easily overcome this energy barrier and be injected into the TiO 2 conduction band (CB), resulting in a new mechanism for plasmon enhancement in the DSSCs. 7 In general, the injected hot electrons are considered either being converted into photocurrent or functioning as charge carriers in the semiconductor matrix. 8 The photocurrent generated by direct hot electron transfer across the Schottky barrier has been collected and utilized for photodetection and photovoltaics based on the well-designed devices with a complete circuit allowing refilling electrons back to the metal. 9 However, for the metal@TiO 2 NPs embedded in the mesoporous TiO 2 film in the DSSCs, the sustainability of the photocurrent generation from hot electron injection is under debate considering that the metal core is unaccessible to the electron donors or the external circuit, which are needed for charge regeneration. On the other hand, the initially injected hot electrons may be converted into steady-state charge carriers and sufficiently raise the conductivity of the mesoporous TiO 2 frame, as has been indirectly demonstrated by the obseravations of photoconductance enhancement in the metal coupled semiconductors. 10 In addition, a recent study by Cushing et al. have reported that metal@TiO 2 and metal@SiO 2 @TiO 2 NPs can also enhance the DSSCs by exciting surrounding TiO 2 matrix and dye molecules with near-field based plasmoninduced resonance energy transfer (PIRET) beside hot electron injection. 11 We have also confirmed such effects in the DSSCs sensitized with natural light harvesting complex II. 12 In most DSSC operations, these three effects are mixed. It is necessary to design some model systems to elucidate the contributions of these distinctive effects in order to understand the complex mechanisms of the plasmon-enhanced DSSCs.
Here, we propose a strategy to sort out the contributions of hot electron injection by comparing the characteristics of two model devices, i.e., micro-gap electrodes and DSSCs. A core-shell material consisting of isolated Au NPs embedded at the nodes of a nanostructured TiO 2 network, i.e., Au@TiO 2 network, was used as the bridging material in the micro-gap between two Au electrodes and as the mesoporous film on a DSSC anode, respectively. This study allows isolating the plasmonic effects on electron transport across the network structure 13 and linking it with the enhanced photocurrents in DSSCs. These two devices present distinct wavelength dependences, revealing their different dominant a) E-mail: junli@ksu.edu plasmonic mechanisms. The correlation of the plasmonically enhanced photoconductance and photovoltaic properties unambiguously reveals that the major role of hot electrons in the enhanced DSSCs is to enhance the electrical conductivity of the TiO 2 network.
Synthesis of Au@TiO 2 network was defined in two steps. In the first step, a TiO 2 layer of $8 nm was coated outside the surface of 20 nm Au NPs ( Fig. 1(b) ). The growth of TiO 2 shell started with a heterogeneous nucleation process requiring to critically control the low concentration of TiO 2 oligomers in solution, which competes with the formation of isolated TiO 2 NPs via homogeneous nucleation. 14 In the second step, the homogeneous reaction among the TiO 2 oligomers dominated after adding more precursors, and the core-shell Au/TiO 2 NPs formed in the first step were crosslinked into the amorphous TiO 2 network as shown in Fig. 1 (c) which consists of $7 wt. % of Au NPs. More details on materials preparation and characterization are described in the experimental section in the supplementary material. The SEM image in Fig. 1 (d) confirmed that the network structure retained in the sample after drop-casting on the micro-gap electrode and subsequent thermal annealing process (illustrated in the inset of Fig. 1(d) ).
The plasmonic band of Au@TiO 2 NPs overlaps with the whole absorption peak of N719 dye (see supplementary material, Fig. S1 (a)), which is ideal for the near-field plasmonic enhancement, and it does not show any obvious shift after forming the Au@TiO 2 network (data not shown). In order to confirm that the TiO 2 shell fully covers the Au NPs, the Au@TiO 2 network was drop-casted on a transparent glass substrate coated with a layer of fluorine-doped tin oxide (FTO) and annealed at 350 C in the air for 1 h. The prepared sample was then immersed in iodide/triiodide (I À /I 3 À ) electrolyte overnight. The absorption spectra after annealing and electrolyte treatment are presented in Fig. S1 (b) of the supplementary material, which display negligible difference compared with the initial spectrum, demonstrating that the intact TiO 2 shell on the Au NPs is able to protect the Au NPs from both heat damage and iodide corrosion during the device fabrication and testing.
To investigate the photoconductance, the I-V curves of the Au/TiO 2 network casted on the micro-gap electrode were recorded under dark and illuminated conditions. The annealed Au/TiO 2 network exhibited bigger increase in photoconductance as represented by the larger slope in the I-V curve under illumination in Fig. S2(b) in the supplementary material, which can be ascribed to the improved anatase crystallinity of TiO 2 , as revealed by the Raman spectroscopy showing the characteristic bands of anatase phase at $143, 197, 396, 516, and 639 cm À1 after thermal annealing (see Fig. S2 (a) in the supplementary material). In contrast, under the dark condition, the annealed sample presents slightly smaller current than the un-annealed one. This could be due to the possibility of less oxygen vacancies in thermal annealed TiO 2 (as electron donors). 15, 16 As illustrated in Fig. 2(a) , under 1 sun illumination, the slope of the I-V curve measured with the Au@TiO 2 network is much larger than that of the bare TiO 2 network, which is further raised after N719 dye sensitization on the exterior TiO 2 surface. The photoconductance (G) versus the bias voltage calculated from the first derivative of the I-V curve is shown in Fig. S3 , which indicates higher photoconductance at high voltage bias (and electric field strength). But the trend of the change after incorporating bare and N719-derivatized Au/TiO 2 NPs is consistent over the whole voltage range. 2016) fast, beyond the temporal resolution of the instrument ($40 ms) that is mainly defined by the shutter speed. The magnitudes of the photocurrent correlate well with the trend of the I-V curves in Fig. 2(a) . These results concluded that the photoconductivity of the Au@TiO 2 network was enhanced (by 6.7 folds with respect to TiO 2 only) due to the incorporation of Au NPs, and it was further improved with dye sensitization (by additional 5.5 folds). It is noted that both Au NPs and N719 dye help to harvest the solar photons in the visible range while the TiO 2 alone only absorbs UV light. The strong plasmonic excitation of Au NPs would generate significant amount of hot electrons which can overcome the $0.9 eV Schottky barrier to transfer from Au NPs into TiO 2 shell. The injected hot electrons act as charge carriers and thus increase the photoconductivity of the TiO 2 network. With additional N719 dye sensitization, because the energy level of the lowest unoccupied molecular orbital (LUMO) of N719 (À3.85 eV) locates 0.55 eV higher than the edge of the CB of TiO 2 (À4.4 eV), the excited electrons can easily transfer from the dye to the TiO 2 network. This process could be enhanced by the energy transfer from plasmonic Au NPs to N719 dye passing through the thin TiO 2 shell, i.e., the near-field associated PIRET, since the plasmonic band of the incorporated Au NPs matches well with the absorption band of N719 (as shown in Fig. S1(a) in the supplementary material) . This would further raise the charge carrier density in the TiO 2 network and thus make it even more conductive. Notably, the lack of spectral overlap of the Au NPs with the TiO 2 minimizes the PIRET between Au NPs and TiO 2 shell. Therefore, the enhanced photoconductivity of the nonsensitized Au/TiO 2 network must be dominated by hot electron injection, with more convincing evidence shown in the below paragraph.
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The dark currents at the similar voltage bias in each corresponding samples (shown in Fig. S4 in the supplementary material) are about 20 times smaller than those obtained under 1 sun illumination, indicating a poor intrinsic conductivity of the TiO 2 network. It is noted that the Au@TiO 2 network shows slightly smaller dark current than the pure TiO 2 network. This may be due to the larger electron scattering and blocking of the carrier pathway by redistributed electron density at the Au/ TiO 2 interface due to the Schottky barrier formation. 17 However, higher dark current was observed after dye sensitization, different from the previous studies on single TiO 2 -coated carbon nanofibers. 16 Since the measurements were carried out in atmosphere, oxygen molecules as electron scavengers may "quench" the conduction electrons. 18 Dye molecules adsorbed on TiO 2 might suppress this carrier "quenching" via blocking the oxygen adsorption and thereby improve the intrinsic conductivity of the TiO 2 network.
The above discussed Au@TiO 2 network was prepared into a $3 lm thick film on FTO-coated glass and used as an anode material in the DSSC for the purpose of correlating the enhanced photoconductivity with its photovoltaic performance. A pure TiO 2 network without the Au NPs was used as the control. The I-V curves and AC impedance spectra measured from these two types of DSSCs are plotted in Figs.  2(c) and 2(d) . Obviously, much larger photocurrents were generated in the DSSC with the Au@TiO 2 network, which is mainly attributed to the aforementioned plasmonic near-field stimulated dye excitation, i.e., PIRET. The short-circuit current (J SC ) was increased to 6.54 mA/cm 2 with the Au@TiO 2 network compared to 4.64 mA/cm 2 with the pure TiO 2 network. The open circuit voltage (V OC ) was nearly the same for both DSSCs, implying that the core-shell structure was effective in suppressing the electron-hole recombination in the Au NPs. In addition, the series resistance calculated from the inverse of the slope of the I-V curve around V OC was found to be reduced from 15 X to 11 X in presence of Au NPs. The AC impedance spectra under illumination exhibited much smaller charge transfer resistance after incorporating Au NPs, giving a R CT,2 value of 38 X vs. 79 X, as reflected by the smaller semicircle at the low frequency range in the DSSC made of the Au@TiO 2 network. These data correlate well with the higher photoconductivity shown in Figs. 2(a) and 2(b) , which conclusively prove that the higher charge carrier density and thus higher conductance are generated in the Au@TiO 2 network.
In order to understand the mechanisms of the above observation, the wavelength dependence of the photoconductance on the micro-gap electrode (under 0.2 V bias) was compared with the incident photon-to-current efficiency (IPCE) measurement of corresponding DSSCs (under short circuit). The IPCE was calculated with the equation,
where J SC is the short circuit current and P in is the power of incident photons at each wavelength. For a direct comparison, the wavelength dependence of the photoconductance was represented as the photocurrent divided by the number of incident photons at corresponding wavelengths using the similar equation, by replacing J SC with the current measured under 0.2 V bias. The contribution of dark current is ignored since it is more than 100 times smaller than the current under illumination. The trend of the normalized photoconductance at all wavelengths in Fig. 3(a) correlates well with the illuminated I-V curves in Fig. 2(a) , implying the large enhancement to the photoconductance by Au NPs embedded in the TiO 2 network. Interestingly, the enhancement appeared in a much broader range than the Au NP's SPR band, covering the full visible range from 400 to 800 nm. The enhanced current (by a factor of $6) is almost constant over this wavelength range except a small dip around 600 nm. The photocurrent is further increased by another factor of $10 after N719 dye sensitization, indicating the strong coupling between N719 dye and the plasmonic Au NPs. In contrast, the IPCE curve of the DSSC made of the pure TiO 2 network shows a well-defined single peak in the visible range, whose peak wavelength at $515 nm and the peak shape reflect the absorption spectrum of N719 dye. The IPCE value below 400 nm wavelength approximately monotonically decreases with the wavelength since the illumination is applied from the back side and the photons at shorter wavelength are absorbed by the glass substrate and FTO coating, as we demonstrated in an earlier study. 19 After incorporating Au NPs, the shape of the IPCE peak remains the same but the peak IPCE value is increased by $41%. Notably, the long flat tails at longer wavelengths (600-800 nm) in Fig. 3(a) do not show in the IPCE curves of the corresponding DSSCs ( Fig.  3(b) ), but they are of great interests toward utilization of lower energy photons. These two types of devices are clearly based on different mechanisms.
The potential mechanisms of the plasmonic enhancement in photoconductance and the photovoltaics are schematically depicted in Figs. 3(c) and 3(d) . As discussed previously, a Schottky barrier formed at the Au/TiO 2 interface would hinder the interfacial electron transfer in dark conditions. The barrier height (u b ) is determined by the band structure of TiO 2 and the work function of gold, which is only $0.9 eV (i.e., $1378 nm in photon wavelength). As a result, not only the photons in the plasmonic band of the Au NPs but also all those in the full illumination range from 400 nm to 800 nm are energetic enough to generate hot electrons in the Au NPs that can be injected into the TiO 2 network. Thus, the charge carrier density in the semiconductive TiO 2 network is increased. In other words, the injected hot electrons act as the mobile charge carriers and are able to deliver larger currents under the same bias voltage. This mechanism nicely explains the I-V characteristics of the micro-gap experiments and the equally effective photoconductance enhancement by photons in the longer wavelength region. The charge carrier density likely reaches the saturation level even with the weak light absorbance of Au NPs at $800 nm wavelength, thus forming a flat plateau.
The photovoltaic behavior of the DSSCs, however, is dominated by the charge separation at the dye/TiO 2 interface. The steady-state photocurrent requires electrons being continuously injected from the dye molecules into TiO 2 and the oxidized dye being quickly regenerated by reduction with I À /I 3 À electrolyte. In the DSSC made of the Au@TiO 2 network, considering that the Au NPs embedded within the TiO 2 shell are not accessible by the regenerating agents, the plasmon-generated hot electrons from Au NPs to TiO 2 cannot be the source of continuous steady-state photocurrent.
However, they are sufficient to raise the charge carrier density in TiO 2 and reduce the series resistance and charge transfer resistance in the corresponding DSSCs. This effect amplifies the characteristic features of the DSSC's IPCE curves which are determined by the charge separation initiated by photon absorption spectrum of the dye molecules. The correlation of the photovoltaic and photoconductance measurements clearly reveals the two distinct effects of plasmonic NPs which are entangled in normal plasmonic DSSCs.
In summary, the correlation between the enhanced photoconductivity and the photovoltaic performance of the assynthesized core-shell Au@TiO 2 network deposited on the micro-gap electrodes and the photoanode of DSSCs facilitates discriminating contribution of the hot electron injection from that of the enhanced near-field effects. Hot electrons excited from the Au NPs are converted into major charge carriers in the TiO 2 network. The interfacial electron transfer across the Au/TiO 2 Schottky barrier ($0.9 eV) can be easily realized under illumination over the whole visible range, allowing extending the enhancement effect to the light in the near-infrared region where the photon energies are distinctively below the semiconductor band gap, Au SPR, and dye absorption band. This study may inspire future optoelectronic devices to make better use of hot electrons and the associated interfacial electron transfer for an outstanding performance.
See supplementary materials for experimental section, absorption spectra of Au/TiO 2 NPs in solution and on FTO glass subjected to annealing and I À /I 3 À electrolyte treatment, Raman spectroscopy, and I-V characterization of unannealed and annealed samples. 
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